The reproductive period and fecundity of the inseminating cheirodontine Compsura heterura and of the externally fertilizing cheirodontine Odontostilbe pequira, from tropical and subtropical regions of Brazil, respectively, are described. The reproductive period of C. heterura lasted from January to April 2002, while O. pequira showed two reproductive periods, the first during September and October 2001 (spring), and the second between January and February 2002 (summer). Smaller classes of SL of females of O. pequira predominated in the second reproductive period, suggesting individuals born in the first period become shortly sexually mature, participating in the second reproductive period. In C. heterura, from a tropical region, temperature showed significant correlations with the variation in the gonadosomatic index (GSI) for both sexes, and rainfall showed significant correlation with the variation in the GSI only for females. In O. pequira, from a subtropical region, photoperiod was the only factor that showed significant correlations with the GSI variation in both sexes. The mean relative fecundity of C. heterura was 0.55 oocytes per milligram of total weight, similar to that of other cheirodontines with external fertilization, refuting the hypothesis, at least in Cheirodontinae, that insemination provides diminishing energy expenditure for the production of oocytes, due to a greater probability of fertilization. The mean relative fecundity of O. pequira was 0.8 oocytes per milligram of total weight, the largest known among cheirodontines. Spermatozoa were found inside the ovaries of maturating, mature and semi-spent females of C. heterura supporting the hypothesis of temporal separation between courtship and spawning. The largest relative weight of testis and the presence of sperm in maturing ovaries outside the reproductive period in C. heterura support the hypothesis that males of inseminating species make a greater investment in gonadal development than those externally fertilized.
Introduction
Characidae is the largest family of Neotropical fishes, showing a high diversity in reproductive strategies among its representatives. Cheirodontinae is a subfamily of characid fishes abundant mainly in lentic and lowland waters, and inhabiting river drainages of Central and South America. The species are usually small, reaching a maximum of 30-40 mm standard length (Malabarba, 1998) , or even miniature with less than 20 mm standard length (Bührnheim et al., 2008) .
The subfamily Cheirodontinae is composed of two tribes, Cheirodontini and Compsurini, besides some genera considered incertae sedis. The tribe Compsurini, in which Compsura heterura Eigenmann, 1915 belongs, includes all the inseminating species of Cheirodontinae (Malabarba, 1998) , characterized by transfer of sperm from the testis of the mature males to the ovaries of females, as described by Burns et al. (1997) . The members of this tribe also show specialized organs in the caudal fin of the males that vary from the presence of modified scales to the presence of hypertrophied tissues apparently of glandular function (Malabarba & Weitzman, 1999 Malabarba et al., 2004) . Odontostilbe pequira (Steindachner, 1882 ) is a member of some basal genera of the cheirodontines that have little sexual dimorphism and are all externally fertilized (Malabarba, 1998; Bührnheim & Malabarba, 2006) .
Existing works on the reproductive biology of Cheirodontinae so far available are related to members of the tribe Cheirodontini, including Gelain et al. (1999) who studied aspects of the reproduction of Serrapinnus calliurus (Boulenger, 1900) from the arroio Ribeiro, Rio Grande do Sul State, Brazil (RS); Braun et al. (2000) who described the reproductive biology of Cheirodon ibicuhiensis Eigenmann 1915 from lagoa Fortaleza, RS; Oliveira et al. (2002) , who estimated the reproductive period, type of spawning and a fecundity of C. ibicuhiensis from the arroio Ribeiro, RS; Silvano et al. (2003) who studied the reproductive period and fecundity of Serrapinnus piaba (Lütken, 1874) from the rio Ceará-Mirim, Rio Grande do Norte State, Brazil (RN); and Compsurini, by Azevedo et al. (2010) , who described the reproductive biology and development of the gill gland in Macropsobrycon uruguayanae from the rio Ibicuí, Rio Grande do Sul, Brazil.
This work deals with the reproductive biology of one inseminating species of the tribe Compsurini, Compsura heterura, and one externally fertilized species of basal cheirodontine genera, Odontostilbe pequira. We describe the reproductive period and test its correlation with the abiotic data of two different regions of Brazil, one tropical and one subtropical. We additionally estimate the absolute and relative fecundity, comparing them with the reproductive strategies demonstrated by each species, and describe histologically the testis and ovaries.
Material and Methods
The specimens were collected with a beach seine-net with a 5 mm mesh. The specimens were fixed in 10% formalin and then transferred to 70% ethanol. Monthly, a random subsampling was made, always when possible consisting of 20 males and 20 females. The standard length (SL) in mm and total body weight (TW) in g was determined for these specimens. Afterward, the individuals were dissected to remove and weigh the gonads and to determine macroscopically the stages of gonadal maturation. Later, histological sections were made to define more precisely the stages of gonadal maturation. The gonads were dehydrated in ethanol, cleared in xylol and embedded in glycolmethacrylate resin. These were cut in the sagital position with a thickness varying from 3 to 5 μm, and stained with hematoxylin-eosin (HE) or toluidin blue.
Two mature ovaries of C. heterura were examined in a Jeol scanning electron microscope (SEM), model JSM-5800. These were dehydrated in a BAL-TEC Critical Point Dryer, model CPD-030. The oocytes were supported on stubs, metalized in a BAL-TEC Sputter Coater, model SCD-005, with physical deposition of gold.
The reproductive period was estimated by the monthly variation of the mean values of the gonadosomatic index (GSI) and of the relative frequencies of the stages of gonadal maturation (Vazzoler, 1996) .
Analysis of variance (ANOVA) was applied with INSTAT to determine whether there was a difference between the mean monthly GSI values. When a difference was found, Tukey's complementary test was used to identify which GSI means differed significantly.
Rainfall data were obtained from the "Empresa de Pesquisa Agropecuária do Rio Grande do Norte" and "Instituto Nacional de Meteorologia do Rio Grande do Sul." Sunrise and sunset times and photoperiod calculation were obtained using SkyMap, according to the coordinates of the sites of collection. Water temperatures were obtained with a thermometer at the time of collection. Spearman's nonparametric test was used to determine the correlations of the mean monthly GSI values with rainfall, photoperiod and temperature.
Absolute fecundities of the species were estimated by total count of the vitellogenic oocytes of mature females (26 females of O. pequira, 13 from spring and 13 from summer; and 20 females of C. heterura). The selected ovaries were placed in Gilson's solution modified by Simpson (1951) to allow dissociation of the internal mass, and the oocytes were separated for counting. Relative fecundity was estimated based on the number of oocytes per milligram of total weight, as suggested by Adebisi (1987) . The Mann-Whitney test was used to determine if absolute fecundity and body size of the females of O. pequira collected in the first reproductive period (spring) differed from those of females collected in the second reproductive period (summer).
Results
A total of 1,111 specimens of C. heterura were collected, including 477 males and 634 females. Of these, 457 specimens were analyzed, including 233 males and 224 females. The smallest male examined measured 21.9 mm of standard length (SL) of and the largest 31.3 mm SL, while the smallest female measured 21.0 mm SL and the largest 34.1 mm SL.
A total of 1,437 specimens of O. pequira were collected. Of these, 426 specimens were analyzed, including 176 males and 250 females. The smallest male measured 24.7 mm SL and the largest 40.5 mm SL, while the smallest female measured 23.2 mm SL and the largest 44.9 mm SL.
Based on macroscopic and histological analyses, the following stages of maturation were characterized for the female gonads: maturing, mature and semi-spent. The gonads of the males were classified as immature, maturing and mature.
In the macroscopic analysis, the maturing females showed solid and compact gonads. At the beginning of this stage, the oocytes are opaque and small, but at the end the oocytes start turning more yellowish and the ovary begins to occupy a larger space in the abdominal cavity. In the histological analysis, initially early and mid primary growth oocytes are seen, and at the end of this stage some vitellogenic oocytes can be seen (Fig. 1a, b) .
Mature females had large gonads, occupying the greater part of the abdominal cavity, with various vitellogenic oocytes easily visualized macroscopically. On histological analysis, the ovigerous lamellae were filled with various vitellogenic oocytes, pre-vitellogenic oocytes, some early primary growth oocytes and ovogonia (Fig. 1c, d ).
Semi-spent females possess a more reduced ovary, similar to that in the final stage of maturation. On histological analysis, post-ovulatory follicles were seen, along with vitellogenic oocytes and early primary growth oocytes (Fig. 1e, f) . There was also the presence of atresic follicles (vitellogenic oocytes that were not spawned but reabsorbed). The presence of these stages can be an indicator of multiple spawning for both species.
No fertilized oocytes or embryos in development were observed in the ovaries examined in C. heterura. The spermatozoa were found dispersed or in groups among the oocytes of maturing, mature and semi-spent C. heterura (Figs. 1e, f; 2). The three maturing females showing spermatozoa in the ovaries were collected in August, November and December.
The presence of spermatozoa was not observed in the ovaries of O. pequira.
The gonads of males classified as immature are transparent, very fine and only visible with a stereomicroscope. On histological analysis, only spermatogonia were seen (Fig. 3a) .
Maturing males show rather thin gonads, with white coloration and visible without the help of a stereomicroscope. Initially, various spermatogonia, primary and secondary spermatocytes and few spermatids were observed, and at the end of this phase few spermatozoids were seen (Fig. 3b, c, d ).
Gonads classified as mature show a more intense white coloration, have a greater volume and undulating borders, and can be clearly recognized without the help of a stereomicroscope. Histologically, all phases of spermatogenesis could be observed in the seminiferous tubules: spermatogonia, spermatocytes, spermatids and many spermatozoa ( Fig. 3e , f). Mature testes of C. heterura are more developed than those of O. pequira. In O. pequira, the testis reached a maximum of 2% of total weight of the fish, while in C. heterura up to 6%.
Based on the mean monthly GSI values (Fig. 4) and on the frequencies of the stages of gonadal maturation (Fig. 5) , it was estimated that reproductive period of C. heterura in the rio Ceará-Mirim began in January extending up to April 2002, when higher values of the gonadosomatic index (GSI) were seen, in males as well as females ( Fig. 4 ; Table 1 ). In this period, there was a greater frequency of mature individuals (Fig. 5b) .
The monthly variation of the GSI means of the females of O. pequira showed two peaks, one in September 2001 and a second in February 2002 ( Fig. 4 ; Table 2 ). Analysis of variance (ANOVA) demonstrated a significant difference between the monthly values of GSI. Afterward, the complementary Tukey's test confirmed that there was a significant difference in the mean GSI values observed between the two peaks, demonstrating the existence of two reproductive cycles, one during spring and the other in summer. Based on the MannWhitney test, there was a significant difference in the standard lengths of females and males between the first reproductive period (spring) and the second reproductive period (summer). The standard length of females of O. pequira that participated in the first period varied from 35.3 mm to 43.7 mm with a mean of 39.2 mm, and the standard length of females that participated in the second period varied from 31.1 mm to 42.2 mm with a mean of 35.5 mm (Fig. 6) . The standard length of males of O. pequira that participated in the first period varied from 28.7 mm to 39.4 mm with a mean of 35.6 mm, and the standard length of males that participated in the second period varied from 30 mm to 37.6 mm with a mean of 33.7 mm.
Spearman's non-parametric test demonstrated a significant correlation between rainfall and GSI of females of C. heterura (r = 0.6355; p = 0.0196). The same did not hold true for rainfall and GSI of males (r = 0.5172; p = 0.0703). Spearman's test was significant for the correlation between temperature and GSI of males (r = 0.8831; p < 0.0001) and females (r = 0.8501; p = 0.0002). The correlation between photoperiod and GSI was not significant, for males (r = 0.2531; p = 0.4041) as was well as for females (r = -0.0137; p = 0.9644).
In O. pequira, Spearman's non-parametric test demonstrated that there was a significant correlation between GSI and photoperiod for females (r = 0.7692; p = 0.0034) and males (r = 0.6355; p = 0.0196). There was no correlation between rainfall and GSI of females (r = -0.2937; p = 0.3541) and males (r = -0.3566; p = 0.2551). The correlation between temperature and GSI of males (r = 0.2242; p = 0.4837) and females (r = 0.5604; p = 0.0581) was also not significant.
The absolute fecundity of C. heterura varied from 218 to 618 oocytes for females of 25.8 mm and 32.0 mm SL, respectively. The mean absolute fecundity was 434 ± 112 oocytes and the mean relative fecundity was 0.55 oocytes per milligram of body weight (Fig. 6) . The absolute fecundity of O. pequira varied from 470 to 1,390 oocytes, considering females of 31.5 mm and 39.0 mm SL, respectively (Fig. 7) . The Mann-Whitney test demonstrated that there was no significant difference for absolute fecundity values between the first and second reproductive periods described for O. pequira, where the mean was 795 ± 262 oocytes. The relative fecundity was 0.8 oocytes per milligram of body weight. 
Discussion
Abiotic factors such as photoperiod, temperature and rainfall, as well as biotic factors such as availability of food, usually lead to reproductive events in the majority of species, influencing differently each species according to their reproductive strategies, physiological characteristics and genealogical histories (Azevedo, 2000) . The reproductive period can be seen as the product of numerous biotic and abiotic stimuli which exert long-term effects on ovarian growth and short-term effects at the end of maturation of the oocytes and ovulation (Potts & Wootton, 1984) .
For tropical fishes, the availability of food plays an essential role in determining the reproductive rhythm, while photoperiod and temperature do not have a determinant role as limiting factors in reproduction (Vazzoler & Menezes, 1992) . In these environments, the availability of food varies fundamentally with alterations in rainfall. Thus, the beginning of rains augments rapidly the level of nutrients, leading to an increase in productivity and, as a consequence, to the increase in the availability of food (Vazzoler & Menezes, 1992) . In this manner, for the reproductive period of species of fishes of low latitude, such as in the northeast of Brazil, reproduction is generally associated with elevation in rainfall, along with temperature, which provide increased amounts of nutrients for adults and larvae. This seems to be true for females of C. heterura that showed a positive correlation between GSI and rainfall, and also a positive correlation of GSI and temperature for both sexes. The correlation between GSI of females and rainfall was also observed by Silvano et al. (2003) for Serrapinnus piaba collected in the same river and same period along with the specimens of C. heterura studied herein.
On the other hand, the reproductive period of the species of fish of the south of Brazil, where periods of lower and higher rainfall are not clearly demarcated, is generally associated with photoperiod, as demonstrated for O. pequira, in which both sexes showed a positive correlation between GSI and photoperiod only. The difference between the longest length of day and the shortest day in the location where C. heterura were collected is only 39 min, but more than 232 min at the site of collection of O. pequira. The association of the reproductive period with photoperiod was found to be similar in the characids Diapoma speculiferum studied by Azevedo et al. (2000) and Aphyocharax anisitsi studied by Gonçalves et al. (2005) at relatively high latitudes (30°22'62"S and 30°22'27"S, respectively). In various vertebrates, melatonin is involved in the biological rhythm and in seasonal sexual activity. Many species attain the reproductive condition when the days become longer, because the exposure to light inhibits the release of melatonin, a hormone of the pineal gland, which inhibits steroidogenic activity of the gonads. The increase in light is sensed by pineal photoreceptors present in the epidermis of fish, which carry this information to the pineal gland. The signals are finally transmitted to the hypothalamus which controls the secretion of melatonin. As this hormone is an inhibitor of reproduction, the reduction of its level in the circulation, due to an increase in daylight hours, makes it possible for these individuals to undergo maturation. The hypothalamus also secrets hormones that stimulate the adenohypophysis to secrete gonadotropins which initiate gonadal development (Gonçalves et al., 2005) .
Fecundity depends on the volume of the celomatic cavity available for harboring the mature oocytes and on the size (volume) of the oocytes (Vazzoler, 1996) . Fecundity and the diameter of the mature oocytes vary greatly between reproductive periods and among individuals of the same size in the same reproductive period (Vazzoler, 1996) . According to Nikolsky (1969) , the variation in fecundity of species that occupy different locations, can be related to the supply of food, size of first gonadal maturation, longevity, population density, temperature and latitude. Besides, there are other factors that can interfere with fecundity, for example, the type of fertilization and care for the offspring.
Based on the observation that inseminating species of the subfamily Glandulocaudinae (now Stevardiinae and Glandulocaudinae) show relatively lower fecundity compared to other characids with external fertilization, Azevedo (2000), Azevedo et al. (2000) and Burns & Weitzman (2005) suggested that insemination provides a greater probability of fertilization, diminishing energy expenditure for the production of oocytes. The inseminating C. heterura shows relative fecundity higher than those of the inseminating species of Stevardiinae and Glandulocaudinae (Table 3) . Compsura heterura also has approximately the same relative fecundity than that of the inseminating M. uruguayanae and similar to that of other cheirodontines with external fertilization (e.g., Cheirodon ibicuhiensis). Similar values of relative fecundity among inseminating and externally fertilized species refutes the hypothesis, at least in Cheirodontinae, that insemination provides diminishing energy expenditure for the production of oocytes, due to a greater probability of maturing (b, c, d) mature (e, f) . Arrow -cell division, C -spermatocytes, C1 -primary spermatogonia, C2 -secondary spermatogonia, ET -spermatids, EZ -spermatozoa, G -spermatogonia. Magnification 40x (a, c), 100x (b, d), 20x (e, f) .
fertilization. The mean relative fecundity of O. pequira was the largest observed among inseminating and externally fertilizing cheirodontines (Table 3) . Vazzoler (1996) stated that fecundity also varies with the size of the female, increasing with growth, and that this is more related to length than to age of the individual. This was not observed for O. pequira. The larger females of O. pequira, probably the older ones, participated in the first reproductive period (spring), which occurred from September to October 2001. Some large females and a greater number of small females participated in the second reproductive period (summer) which occurred from January to February 2002. The individuals born in the spring reproductive period apparently developed rapidly and become sexually mature in 4 to 6 months, and participated in the second reproductive period. The relation between standard length and absolute fecundity of the females of O. pequira was low (r = 0.45). Means of absolute and relative fecundities were greater in the second reproductive period (summer), when smaller classes of SL of females predominated (Fig. 6) . Apparently, these females that participate for the first time in reproduction tend to invest more in the production of oocytes.
The testes of mature males of C. heterura are more developed than those of O. pequira, being as much as 6% of the total weight of the fish. In O. pequira, the testes reach a maximum of 2% of total weight. Among other externally fertilized cheirodontines, the testis can reach as much as 1.8% of total weight in C. ibicuhiensis (Oliveira et al., 2002) , up to approximately 2% in S. calliurus (Gelain et al., 1999) , as much as 2.8% in S. heterodon (P. M. Zamberlan, pers.
comm.), and up to 1.7% in S. piaba (Silvano et al., 2003) . In the externally fertilized Aphyocharax anisitsi of the Aphyocharacinae studied by Gonçalves et al. (2005) , the testis reaches a maximum of 1.09% of total weight. A greater development of the testis has also been observed in inseminating species of the subfamilies Stevardiinae and Glandulocaudinae. In males of the stevardiine Diapoma speculiferum, the testis can reach up to 3% of the total body weight (Azevedo et al., 2000) ; in the glandulocaudines Mimagoniates rheocharis up to 4.5% and Mimagoniates microlepis up to 7% of total body weight (Azevedo, 2000) . Unlike species with external fertilization, males of inseminating species apparently make a greater investment in gonadal development, which can be associated with the need of always being available for insemination even outside the time of spawning. The males with greater production of spermatozoa and over longer periods would be more effective in the insemination of a larger number of females and in the production of offspring. In fact, we found one male of C. heterura collected in August, outside of the reproductive period described herein, showing the most advanced testis stage under histological examination.
Spermatozoa were found in the maturing ovaries of two C. heterura females, collected in November and December, that is, 1 to 2 months before the reproductive period. Table 1 . Monthly variation of the means of the gonadossomatic index (GSI) (± standard deviation) for males and females of Compsura heterura and abiotic data (rainfall, day length and temperature). n = number of sample individuals monthly. Table 2 . Monthly variation of the means of the gonadossomatic index (GSI) (± standard deviation) for males and females of Odontostilbe pequira and abiotic data (rainfall, day length and temperature). n = number of sample individuals monthly. Apparently, C. heterura females are receptive to courtship and insemination even before being mature and, thus, can be inseminated outside the reproductive period since adult males are active the entire year. Spermatozoa were present also in a maturing female (SL = 27.1 mm, GSI = 4.3) captured in August 2001. The ovaries of this female, however, contained various early primary growth oocytes, some vitellogenic oocytes and post-ovulatory follicles, which indicates gonads that have undergone a period of spawning and are maturing for the next reproductive cycle. In the specific case of this female, we can propose two hypotheses: the presence of insemination outside the reproductive period or the existence of remaining spermatozoa from the previous reproductive period. Azevedo et al. (2000) found spermatozoa in the ovaries of maturing females of D. speculiferum and Azevedo et al. (2010) within the ovaries of Macropsobrycon uruguayanae in different stages of gonadal maturation during most collected months. Burns & Weitzman (2005) also discovered spermatozoa in the ovaries of maturing females of Gephyrocharax valenciae and Brittanichthys axelrodi. To these authors, this finding suggested that insemination could truly occur before the oocytes were mature. The observation of this strategy of insemination before maturation in species not phylogenetically related (C. heterura in Cheirodontinae; D. speculiferum and G. valenciae in Stevardiinae; and the characid incertae sedis B. axelrodi) indicates the independent acquisition (or evolution) of this strategy in these groups.
It is likely that the spermatozoa of inseminating species spend a long time in the ovary of still-maturing females. According to Kutaygil (1959) , females of Corynopoma riisei are capable of depositing fertilized oocytes 7 to 10 months after mating. The advantage of courtship and insemination before the reproductive period seems to be related to the spatial and temporal separation of maturation between males and females, according to Burns et al. (1997) , also allowing the delay of oviposition until environmental conditions are favorable for the larvae. 
